Approximately 9% of neuroblastoma patients present germline or somatic aberrations in the gene encoding for anaplastic lymphoma kinase (ALK). This increases in high-risk neuroblastomas, which have a 14% frequency of ALK aberrations at the time of diagnosis and show increasing numbers at relapse. Abrogating ALK activity with kinase inhibitors is employed as clinical therapy in malignancies such as non-small cell lung cancer and has shown good results in pediatric inflammatory myofibroblastic tumors and anaplastic large cell lymphomas. A phase I clinical trial of the first generation ALK inhibitor, crizotinib, in neuroblastoma patients showed modest results and suggested that further investigation was needed. Continuous development of ALK inhibitors has resulted in the third generation inhibitor repotrectinib (TPX-0005), which targets the active kinase conformations of ALK, ROS1 and TRK receptors. In the present study we investigated the effects of repotrectinib in a neuroblastoma setting in vitro and in vivo. Neuroblastoma cell lines were treated with repotrectinib to investigate inhibition of ALK and to determine its effect on proliferation. PC12 cells transfected with different ALK mutant variants were used to study the efficacy of repotrectinib to block ALK activation/signaling. The in vivo effect of repotrectinib was also analyzed in a neuroblastoma xenograft model. Our results show that repotrectinib is capable of inhibiting signaling activity of a range of ALK mutant variants found in neuroblastoma patients and importantly it exhibits strong antitumor effects in a xenograft model of neuroblastoma.
Results

Repotrectinib inhibits proliferation of ALK addicted neuroblastoma cells. The ALK inhibitor
repotrectinib has been investigated in pre-clinical models of non-small cell lung cancer, and the results suggest an antitumor effect against cells with increased ALK activity [30] [31] [32] [33] . In order to determine if repotrectinib has anti-carcinogenic activity in a neuroblastoma setting, we decided to study its effects on cell proliferation using two sets of neuroblastoma cell lines. The first set were ALK-addicted neuroblastoma cell lines: (i) CLB-BAR, harboring an amplified ALK locus with a deletion of exon 4 to 11 (Δ4-11) of ALK resulting in an extracellular domain ALK deletion, (ii) Kelly, which harbors an ALK-F1174L mutation and (iii) CLB-GE, which contains an ALK-F1174V mutation, which is located in the α-C-helix of the kinase domain. The second set of neuroblastoma cell lines included SK-N-AS and SK-N-BE, which are non-responsive to ALK inhibitors 34, 35 . Cells were treated with increasing concentrations of either repotrectinib or crizotinib. Upon treatment with repotrectinib the proliferation rate was decreased ( Fig. 1, Table 1 ), and the effect was more pronounced in ALK-addicted cells (almost two fold reduction in IC 50 compared to ALK non-addicted cells) ( Fig. 1a ). CLB-BAR, CLB-GE and Kelly cells have an IC 50 of 124.1 ± 4.89, 259.4 ± 6.3 and 310.9 ± 7.9 nM, respectively, while the SK-N-AS and SK-N-BE cells display higher IC 50 values 594.8 ± 47.3 nM and 510.8 ± 16.94 nM, respectively (Table 1) . Treatment with crizotinib, employed as positive control, also reduced cell proliferation of ALK addicted neuroblastoma cells as previously reported ( Fig. 1b and Table 1 ). Immunoblotting analysis of CLB-BAR and CLB-GE cell lysates treated with either ALK TKI confirmed that repotrectinib reduced pY1604-ALK, pERK5, pSTAT3, p-p70 S6K, pAKT and pERK levels ( Fig. 1c ). Thus, both repotrectinib and crizotinib inhibit proliferation in ALK-addicted cell lines and inhibit phosphorylation of downstream signaling targets of ALK.
Repotrectinib induces an apoptotic response in ALK addicted cell lines. To investigate the cellular effects of repotrectinib we first monitored caspase activity, employing PARP cleavage as readout. Cells were treated with increasing concentrations of repotrectinib (0, 100, 200, 250 and 400 nM) or 250 nM crizotinib as a positive control. Cell lysates were immunoblotted for PARP and actin as loading control. ALK-addicted CLB-BAR and CLB-GE cells displayed an increased level of cleaved PARP in response to repotrectinib treatment ( Fig. 2a) , with a stronger response observed in CLB-BAR cells. In contrast, the non-ALK-addicted cell lines, SK-N-AS and SK-N-BE, did not show a detectable increase in PARP cleavage. We next determined cell death by flow cytometry analysis of cells stained with Annexin V and propidium iodide (PI) ( Fig. 2b and Supplementary Fig. 1 ). The ALK-addicted CLB-BAR and CLB-GE cell lines showed higher levels of cell death than control non-ALK-addicted SK-N-AS cells, with approximately 10% of cells positive for staining with both PI and Annexin V. Treatment with repotrectinib induced cell death in ALK-addicted cell lines, with a slightly stronger response in CLB-BAR cells. No increase in cell death was observed in the non-ALK-addicted cell line on addition of repotrectinib. Thus, treatment with repotrectinib induces an apoptotic response in ALK positive neuroblastoma cells.
Repotrectinib inhibits phosphorylation of constitutively active ALK mutants. We next examined the ability of repotrectinib to abrogate the phosphorylation activity of a panel of ALK mutant variants identified in neuroblastoma cases. These included the constitutively activated ALK variants ALK-G1128A, ALK-I1171N, ALK-F1174L, ALK-R1192P, ALK-F1245C, ALK-R1275Q and ALK-Y1278S. All these ALK mutations were originally found in neuroblastoma cases and are located near the α-C-helix or the activation loop. This is different compared to resistant mutations found in NSCLC patients, which are located around the ATP-binding site of the kinase domain 23 . Wild type ALK (ALK-WT) or ALK mutants were ectopically expressed in PC-12 cells and inhibition of ALK phosphorylation by repotrectinib or crizotinib assessed by immunoblotting for pALK-Y1604. We also included analysis of the ALK-G1269A mutant, which has not been reported in neuroblastoma, but which has been described as a highly resistant mutation arising in the EML4-ALK fusion oncoprotein in NSCLC patients treated with crizotinib 25 . We observed that ALK-WT, ALK-G1128A, ALK-I1171N, ALK-F1174L, ALK-R1192P, ALK-F1245C and ALK-Y1278S showed sensitivity to repotrectinib within the range of 12-26 nM, whereas ALK-R1275Q and the EML4-ALK secondary mutation mimic ALK-G1269A required higher doses of repotrectinib to inhibit ALK-Y1604 phosphorylation ( Fig. 3a , Table 2 , loading controls in Supplementary Fig. 2 ). In general, repotrectinib inhibited the activation of constitutively active ALK variants more efficiently than crizotinib ( Fig. 3a , Table 2 ). There was more than a four-fold difference between the ability of repotrectinib versus crizotinib to abrogate the phosphorylation of ALK-I1171N, ALK-R1192P and ALK-R1275Q. Repotrectinib inhibits ALK driven neurite outgrowth in PC-12 cells. In addition to measuring ALK-Y1604 phosphorylation, we extended our analysis of repotrectinib to ALK driven neurite outgrowth. PC-12 cells are a clonal rat adrenal pheochromocytoma cell line originated from enteric cells that have the ability to differentiate and extend neurites upon protracted ERK1/2 stimulation 36 . We have previously shown that activation of ALK triggers differentiation of PC-12 cells into sympathetic-like neurons, a process that is characterized by extension of neurites [37] [38] [39] [40] . To analyze the ability of repotrectinib to inhibit ALK driven neurite outgrowth we transfected PC-12 cells with either ALK-WT or ALK-G1128A, ALK-I1171N, ALK-F1174L, ALK-R1192P, ALK-F1245C, ALK-G1269A, ALK-R1275Q or ALK-Y1278S variants. Transfected cells were treated with either repotrectinib (200 nM) or crizotinib (250 nM) and neurite outgrowth analyzed ( Fig. 3b ). Inhibition of neurite outgrowth by crizotinib was in the range previously reported [38] [39] [40] [41] . The results observed on neurite outgrowth inhibition with repotrectinib show that it has a similar ability to abrogate neurite outgrowth as crizotinib, independent of the ALK mutant variant analyzed. It should be noted that the ALK-G1269A mutant does not give rise to neurite outgrowth and therefore inhibition by either repotrectinib or crizotinib could not be assessed in this assay. Taken together, the repotrectinib inhibition profiles observed for ALK-Y1604 phosphorylation and ALK driven PC-12 cell neurite outgrowth show that this ALK TKI is able to inhibit a wide range of active ALK neuroblastoma mutants.
Repotrectinib inhibits tumor growth in a xenograft model of neuroblastoma.
To further investigate repotrectinib in neuroblastoma we employed a mouse xenograft model. CLB-BAR neuroblastoma cells were injected subcutaneously and the resulting tumors treated with either repotrectinib (20 mg/kg, twice daily), crizotinib (80 mg/kg, once daily) or vehicle control. Animals treated with repotrectinib displayed minor increases in tumor volume during the 14 day treatment (Fig. 4a ). Tumor growth inhibition (TGI) values of 87.07% and 66.4% were observed with repotrectinib and crizotinib, respectively ( Fig. 4a ). Upon repotrectinib drug release after 14 days tumor growth resumed (Fig. 4a ). Tumors in the vehicle control group continued to grow reaching a significant increase compared to repotrectinib treatment after day 6 (p = 0.008) ( Fig. 4a ). As expected, crizotinib displayed antitumor activity in agreement with previous reports 39, 40, 42 . Tumor volume and weight were significantly decreased at day 14 in both repotrectinib and crizotinib groups, however, crizotinib was less effective in inhibition of tumor growth than repotrectinib (Fig. 4a ). In addition to effective inhibition of tumor growth, animals treated with repotrectinib exhibited an increase in weight, showing a significant weight gain over the 14 day experiment (p < 0.0001 at day 14) ( Fig. 4b) .
Tumor sections from animals treated with either repotrectinib, crizotinib or vehicle were analyzed with Ki-67, CD31 and desmin as markers for proliferation and angiogenesis. Analysis of Ki-67 indicates that both repotrectinib and crizotinib led to a reduction of tumor cell proliferation (Fig. 5a,b) . A significant increase in CD31 positive vessels in response to either ALK TKI shows an increased density of blood vessel penetration of tumors upon treatment compared to controls (Fig. 5a,b) . To investigate the observed increase in angiogenesis further, we used desmin as a marker for pericytes. Increased desmin staining was observed in both the repotrectinib and crizotinib treated groups upon treatment with the ALK inhibitors, in agreement with the increased CD31 staining (Fig. 5a,b ).
Discussion
Despite efforts to find new targets and improve existing drugs, the standard treatments of high-risk neuroblastoma patients are currently limited to chemotherapy, local surgery, high-dose chemotherapy followed by autologous stem cell reinfusion, local radiotherapy, and maintenance treatment with retinoic compounds and immunotherapy 43 . Aberrations in ALK are associated with approximately 9% of all neuroblastomas including germline and sporadic cases and at an increased level in relapsed patients 6, 9 . In neuroblastoma, mutations in ALK can induce the phosphorylation of ALK target proteins and activation of downstream signaling pathways 22 .
ALK represents a tractable target in neuroblastoma treatment and several ALK inhibitors have been developed 25 . Since the initial Children´s Oncology Group trial employing crizotinib, the first ALK TKI to be FDA approved, in pediatric ALK positive cancers 26 several neuroblastoma patients responding to ALK TKI treatment have been reported 38, 44 . Repotrectinib represents the third generation of ALK TKIs, and has a unique binding interface in Table 2 . IC 50 values of pALK-Y1604 inhibition upon treatment with either repotrectinib or crizotinib. IC 50 s were calculated from pALK-Y1604 immunoblots normalized with actin as loading control using log (inhibitor concentration) vs normalized response ( Fig. 3 and Supplementary Fig. 2) . Quantification represents the mean of three independent experiments ± S.D., expressed as fold relative to crizotinib. www.nature.com/scientificreports www.nature.com/scientificreports/ the ATP-binding pocket of its target kinases 30, 31 . Recent pre-clinical data in NSCLC settings and preliminary results from clinical studies show promise for the clinical applications abrogating relapse solvent front mutations occurring in fusion driven cancers 32 . Since repotrectinib shows selectivity for ALK, we decided to investigate repotrectinib in a neuroblastoma setting focusing on its effects on ALK, including ALK gain of function mutations relevant in neuroblastoma.
Here we show that repotrectinib inhibits cell proliferation in neuroblastoma cells that are dependent on ALK for growth, such as CLB-BAR, CLB-GE and Kelly cells. In neuroblastoma cell proliferation assays, the IC 50 values observed with repotrectinib are in the same range as crizotinib, and repotrectinib is able to inhibit ALK phosphorylation over a wide range of ALK mutant variants found in neuroblastoma. Importantly, the three "hot spot" mutations found in neuroblastoma patients (ALK-F1174L, ALK-F1245C and ALK R1275Q) display low IC 50 values for the inhibition of ALK phosphorylation with repotrectinib. Our results also show that repotrectinib induces apoptosis in ALK-addicted cell lines, resulting in increased cleavage of PARP protein as well as co-staining of Annexin V and PI indicative of late apoptotic events. The ALK-addicted cell lines used in this study exhibit high basal levels of Annexin V staining which has been observed previously in other cancer cell lines 45 precluding quantification of early apoptotic events. Non-ALK-addicted cell lines were also sensitive at higher concentrations of repotrectinib, which may reflect the slightly broader range of targeted kinases, such as Src and Fyn 31 .
Treatment with repotrectinib as a single agent in human ALK-addicted cell line neuroblastoma xenografts resulted in robust tumor growth reduction. The effect of repotrectinib was stronger than that seen with crizotinib in xenograft experiments, despite similar IC 50 cell proliferation values in cell culture models. We also noted that Five animals in the reprotectinib treated group were kept alive for a further seven days after treatment ended (dotted line, 14-21 days). Bar graphs represent mean tumor volume ± S.D. and mean tumor weight ± S.D. at day 14. TGI, tumor growth inhibition. (b) Animal weight was measured during the treatment for each animal from the three experimental groups. Graph indicates mean for each group at day 0 and day 14, ± S.D. One way-ANOVA followed by sidak's multiple comparisons test was used to calculate significant differences between groups. ****Indicates p value ≤ 0.0001.
animals treated with repotrectinib gained weight during treatment, which may be due to effects on metabolism that warrant further investigation in the future. In summary, we show that repotrectinib abrogates ALK activity in in vitro biochemical assays, in a manner comparable to crizotinib. However, repotrectinib is superior to crizotinib in abrogating xenograft tumor growth, likely due to its pharmacology properties, and also perhaps reflecting that repotrectinib is a potent inhibitor with a broader target kinase range. Immunostaining of the tumor material showed a significant increase in CD31 for both ALK inhibitors compared to the control group, indicating increased density of blood vessels. The increase of CD31-positive vessels could be in part due to the overall decrease in tumor volume and lead to a perceived increase of expression of CD31-positive vessels. However, we also observe an increase of the pericyte marker desmin in repotrectinib treated tumors, as shown in Fig. 5 , indicating an increase in pericyte number 46 . The increase in desmin would suggest that it is not simply tumor shrinkage that leads to an increase of CD31-positive cells. Instead, the increased desmin suggests that tumor stress by ALK TKI treatment leads to hypoxia and subsequent angiogenesis and the recruitment of pericytes that bring about the overall increase of CD31-positive vessels. Increased CD31 levels have been noted before in treated tumors and have been considered to reflect changing architecture in the tumor or an endothelial cell response to the therapeutic challenge 47, 48 . Altogether, these data suggest that upon treatment with the recently described ALK TKI repotrectinib, growth of ALK-driven neuroblastoma cells and xenografts are inhibited, suggesting that repotrectinib should be further explored in a neuroblastoma setting.
Materials and Methods
Antibodies and reagents. Primary antibodies against pAkt (S473) (#4060), pERK1/2 (Y204/T202) (#4377), pSTAT3 (Y705) (#9145), pERK5 (T218/Y220) (#3371), pALK (Y1604) (#3341), P70 S6 kinase (p85-T412/p70-T389) (#9234), β-Actin (#4970), ERK5 (#3372), AKT (#9272), STAT3 (#4904), P70 S6 kinase (#9202), PARP(#9542), CD31 (#77699), and Ki-67 (# 9027) as well as Signalstain ® antibody diluent, Signalstain ® Boost IHC detection reagent, Signalstain ® DAB chromogent diluent and Signalstain ® DAB chromogen were obtained from Cell Signaling Technology. The primary antibody for desmin (#ab32362) was purchased from Abcam and pan-ERK from BD Bioscience (#6101124). Monoclonal antibody 135 (anti-ALK) was produced in the Hallberg laboratory against the extracellular domain of ALK 49 . Horseradish peroxidase conjugated secondary antibodies Proliferation assay. Neuroblastoma cell lines were seeded into 48-well plates to achieve 30-40% confluency at the time of treatment. Repotrectinib and crizotinib were dissolved in DMSO and prepared freshly prior to addition. The concentrations of repotrectinib and crizotinib used for proliferation assays were 50, 100, 200, 300, 400 and 500 nM. The amount of DMSO did not exceed 0.1% of total medium volume. Plates were placed in an Incucyte and 16 images/well were taken every 24 h for 5 days. Each experiment was repeated three independent times and performed in triplicate. Images were taken using the 10x magnification objective for the phase contrast channel and were processed and analyzed using the Incucyte live-cell imaging system. Analysis definition was created by selecting basic analyzer, phase contrast channel and selecting 6-8 representative images. The segmentation and the minimum area (µm 2 ) filters were adjusted to achieve a maximum detection of cells excluding debris. The analysis definition was done for each cell line separately and those specific parameters were used for all the images in each cell line group.
Inhibition of ALK activity in neuroblastoma cell lines. CLB-BAR and CLB-GE cells were plated in 10 cm
dishes and treated with either 200 or 300 nM of repotrectinib or crizotinib as described previously 40 . Cell lysates were collected after 1 h treatment and protein concentration was determined by BCA assay. Protein lysates were analyzed by western blotting and visualized using ECL TM Prime Western Blotting Derection Reagent, Amersham TM (#RPN2232) GE Healthcare. Each membrane of primary phospho-antibodies was stripped using 0.5 M NaOH for 30 min and re-blotted for total protein. β-actin was used to verify equality of sample loading. Experiments were performed in triplicates. Images were cropped using Adobe Photoshop CS6 and the final version was done using Illustrator CS6.
Apoptosis determination. Cells were seeded in 6-well plates and treated with repotrectinib or crizotinib with the indicated concentrations for 24 h. For western blotting, cell lysates were collected using RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP40, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1x phosphoSTOP, 1x cOmplete EDTA-free) and protein concentration was determined with the Pierce ® BCA protein assay kit. Samples were immunoblotted with PARP antibody, which recognizes both full length and cleaved PARP1. Actin was used to normalize cleaved PARP1 in three independent experiments. Signal for PARP1 and actin was visualized simultaneously with immobilon Forte Western HRP substrate in an Odyssey Fc system, band intensity was determined using Image Studio Lite software. Flow cytometry was employed to analyze cells stained with Annexin V and propidium iodide as a complementary assay to PARP cleavage. Cells were collected and stained after treatment according to the manufacture's protocol (Dead cell apoptosis kit cat. # V13241, ThermoFisher Scientific, Waltham, MA) and deposited in a 5 mL tube through cell strainer cap before analysis using an LSRII flow cytometer (BD Biosciences, San Jose, CA). Data analysis was performed using FlowJo v9.6 software (FlowJo, Ashland, OR). Image processing was done using Adobe Photoshop CS6 and Illustrator C6S.
ALK phosphorylation IC 50 in PC-12 cells. Cells were transiently transfected, as described previously 37, 40, 41 with ALK mutant constructs or the wild type ALK construct as specified. Constructs were confirmed by sequencing. Briefly, 3 × 10 6 cells were electroporated using 100 µL of Ingenio electroporation solution and 0.75 μg of mutant ALK constructs or 1.5 μg of the wild type variant in an Amaxa electroporator. Transfections (four) were pooled in a final volume of 10.5 mL, and 500 µL were plated per well into 24-well plates. After 48 h, cells were treated with serial dilutions of either repotrectinib or crizotinib for four hours. Cell lysates were collected and analyzed by immunoblotting. Actin, phospho-ALK-Y1604 and pan-ALK band intensity were determined using Image Studio Lite, actin was used for normalization of phospho-ALK-Y1604. pan-ALK was performed to corroborate equal loading. Images were cropped and contrast adjusted using Adobe Photoshop CS6. The IC 50 of the ALK phosphorylation was defined as the concentration of drug that resulted in 50% levels of ALK-Y1604 phosphorylation with respect to non-treated cells.
Neurite outgrowth assay. ALK constructs, either mutant (0.75 μg) or wild type (1.5 μg), and pEGFPN1 (0.5 μg) were co-transfected into 2 × 10 6 PC-12 cells. After transfection, cells were diluted in 7.5 mL of medium, mixed and 300 µL were seeded into 24-well plates. The next day cells were treated with either 200 nM repotrectinib or 250 nM crizotinib, wild type ALK was stimulated with 1 µg/mL of ALKAL1 11, 50 . Neurite outgrowth was analyzed 48 h post transfection 40 . Neurite formation was determined with a Zeiss Axiovert 40 CFL microscope, GFP-positive cells carrying neurites double the size of the cell body were considered positive. Experiments were performed in triplicate.
Tumor immunohistochemistry. Xenograft tumors were harvested after 14 days of treatment and fixed in 4% paraformaldehyde for 72 h. Fixed tumor tissue was imbedded in paraffin blocks for sectioning. 5 µm sections were obtained using a manual microtome. Heat-induced epitope retrieval (HIER) was performed using citrate buffer 0.01 M, pH 6, prior to staining. HIER was achieved by bringing the buffer to boiling, cooling for 10 sec and then sub-boiled for 5 min, repeated three times with 5 min cooling at room temperature in between. Slides were washed in distilled H 2 O before being immerged in 3% H 2 O 2 for 15 min. After H 2 O 2 treatment slides were washed in Tris-buffered saline-Tween 20 (TBST) for 5 min. A hydrophobic margin was then set around the samples on the slides using a water-repelling pen. Blocking was performed with 5% normal goat serum/TBST at room temperature for one hour. The following antibodies were prepared by dilution in Signalstain ® antibody diluent, anti-CD31, anti-desmin and anti-Ki-67. Slides were covered with antibody diluent and placed at 4 °C for 48 h. Following washing in TBST, the slides were covered with Signalstain ® Boost IHC detection reagent in room temperature for 30 min and then washed with TBST. One drop of Signalstain ® DAB chromogen was added to 1 mL of DAB diluent and the mixture was added to the slides for 30-120 sec depending on the antibody, at room temperature. Following additional washing in distilled H 2 O and counterstaining with Mayer´s hematoxylin solution slides were dehydrated and mounted. All washing steps were performed 3 times for 5 min each. Sections were scanned with Hamamatsu NanoZoomer-SQ Digital slide scanner (C13140-01) with a 20× (NA 0.75) objective and analyzed using Ilastik and ImageJ or visually 52 . All images were randomly blinded. 6-7 images were chosen representing each set of images (one set containing 5 images out of each tumor category) for each antibody. The chosen images were cropped once into smaller images applying ImageJ ( Supplementary Fig. 3 ). 6-7 images were then used as a learning base for Ilastik 53 . Four different classes were predetermined and annotated on the learning images loaded into Ilastik. The four classes were: 1. Background + stroma, 2. Negative cells, 3. Positive cells and 4. Artifact. Once the different classes and subsequently their different pixels, had been labeled, features of the labeled and the surrounding pixels were determined by Ilastik. The features were then used to train a Random Forest Classifier in Ilastik creating a prediction and segmentation map of the learning images. A batch process was performed for each set of images, applying the segmentation map acquired during the training of Ilastik, to segment the different classes in the set of images. Lastly each batch from Ilastik was processed by a macro in ImageJ ( Supplementary Fig. 4 ), to calculate the area of positive staining. The calculation took into account the pixel size acquired from NanoZoomer Digital Pathology viewer. For slides stained with anti-desmin the positive cells were calculated visually. A 1 mm 2 section of a representative part of the tumor was chosen using NanoZoomer Digital Pathology viewer. Positive cells within the 1 mm 2 section were counted.
Statistical analysis. One way-ANOVA followed by the appropriate post hoc test for multiple comparisons were used to determine differences in apoptosis, immunohistochemistry and in the xenograft experiments at significance level of 0.05. GraphPad Prism 7 was used to determine IC 50 values. Data is presented as means of three independent experiments ± S.D.
